Although few studies found that the offspring of women who experienced preeclampsia have higher blood pressure (BP) at childhood and adolescence, no study has observed whether this association exists for adult offspring. To examine whether maternal hypertensive disorder of pregnancy (HDP) predicts adult offspring BP. We followed a sub-sample of 2608 mother-offspring pairs for 21 years from an original cohort of 7223 singleton infants whose mothers gave birth in Brisbane, Australia between 1981 and 1983. HDP was defined as diastolic BP (DBP) over 90 mm Hg on at least two occasions beyond 20 weeks gestation associated with proteinuria and/or excessive fluid retention. Adult offspring's systolic BP (SBP) and DBP were measured at 21 years. Multivariable regressions were used to examine the independent associations of HDP with offspring BP. Unadjusted regression analysis showed that offspring of women who experienced HDP have 3.46 mm Hg greater SBP and 3.02 mm Hg greater DBP at 21 years. This association remained consistent after adjusting for potential confounding and mediating factors including offspring gender, age, percentile birth weight for gestation, placenta weight and body mass index (BMI) at 21 year, maternal age, education, racial origin, and smoking during pregnancy and their pre-pregnancy BMI. Findings of this study suggest that maternal HDP predicts adult offspring BP. Keywords: hypertensive disorder of pregnancy; offspring blood pressure; young adults
Introduction
Women who develop hypertensive disorder of pregnancy (HDP) or preeclampsia are at an increased risk for high blood pressure (BP) and cardiovascular diseases later in life. 1 Also, men and women born after preeclampsia in pregnancies are likely to trigger severe preeclampsia in their own (or their partner's) pregnancy. 2 Recently, it has been observed that children exposed to preeclampsia are at an increased risk of a variety of diseases including endocrine, nutritional and metabolic diseases. A recent study by Kajantie et al. 4 using the Helsinki Birth Cohort Study found that preeclampsia was associated with increased risk of stroke and severe preeclampsia was associated with hypertension in an adult offspring 60-70 years after their birth. Several other studies also reported that the offspring of women who developed preeclampsia have higher BP in childhood [5] [6] [7] and adolescence. [8] [9] [10] [11] A recent meta-analysis also found that offspring of women with preeclampsia had higher levels of BP as compared with offspring from uneventful pregnancies. 12 Most of the studies have reported findings in children and adolescents but not in adults. Some studies have not adjusted for potential confounding or mediating factors such as maternal pre-pregnancy body mass index (BMI) 10 and maternal smoking during pregnancy. 8, 11 It is unclear whether the observed associations are spurious or confounded with these factors. Using a long follow-up of a birth cohort study, we have the capacity to examine whether this association between HDP and offspring BP remains independent.
The aim of this study is to examine whether maternal HDP predicts adult offspring systolic BP (SBP) and diastolic BP (DBP) at 21 years in a community-based large birth cohort study in Australia.
Methods
The study The Mater-University of Queensland Study of Pregnancy (MUSP) is a longitudinal study of 7223 mother-offspring pairs. At enrolment, the pregnant women were on average at approximately 18 weeks of gestation. Participant children born to those mothers between 1981 and 1983 at one of the two major obstetric hospitals in Brisbane, Australia and they were not adopted before leaving hospital and completed both initial phases of data collection. These mothers and their offspring form the MUSP cohort. 13, 14 Both mothers and children were followed-up prospectively at 3-5 days post-delivery and again when the child was 6 months, 5, 14 and 21 years of age. The original study and subsequent follow-up received ethical approval from an ethics committee at the University of Queensland and Mater Hospital. This study is limited to 2608 mothers with data on HDP and measured BPs of offspring at their 21-year follow-up.
In general, those participants lost to follow-up in the MUSP are disproportionately of lower socioeconomic status. Mothers and offspring more likely to be lost to follow-up were less likely to have completed high school, more likely to be in their teenage years at first clinic visit, be single at first clinic visit, be smokers and to have poorer mental health. 13 We compared the sub-sample of respondents who were followed-up and provided physical assessments (N ¼ 2628) with no follow-up at 21 year but followed-up at first clinic visit by sociodemographic status (Table 1) . We found those offspring who were not followed-up at 21 years for physical assessments including BP measurements have similar characteristics to loss to follow-up participants in earlier phases of the MUSP study. However, the loss of follow-up was not associated with maternal age, maternal pre-pregnancy or first clinic visit (FCV) BMI, HDP and percentile birth weight for gestation (Table 1) . 13, 14 Measurements Hypertensive disorder of pregnancy. The current definitions of HDP were agreed on in 1986. 15 Therefore, there are challenges in examining HDP in this particular cohort as it commenced in the early 1980s before there was international agreement about definitions. This has been discussed in previous papers. 16, 17 At the time of this study, 'preeclampsia' was defined as a DBP over 90 mm Hg on at least two occasions beyond 20 weeks of gestation that were associated with proteinuria and/or excessive fluid retention (defined as generalized oedema that included the face and hands and excessive weight gain). Proteinuria was diagnosed if there was at least 2 þ of protein on dipstick testing (Albustix) on at least two occasions. The diagnosis of 'preeclampsia' (1980s definition) was made by consultant obstetricians who were investigators involved in starting this study. This diagnosis was based on a clinical and chart review following the birth of the child. Women with hypertension before pregnancy, or who were found to have hypertension before 20 weeks gestation (N ¼ 18) were excluded from the analyses. Three of these women subsequently developed what was termed 'preeclampsia' were excluded from the analysis as well. None of these women had documented renal disease. When we repeated, the analyses including these three women results were not altered anyway. According to the currently accepted definitions of the International Society for the Study of Hypertension in Pregnancy, these women who were classified as having preeclampsia at the time would now be classified as having gestational hypertension (those with hypertension and excessive fluid retention/ weight gain but no proteinuria, and who were clinically deemed to have preeclampsia by experienced obstetricians), preeclampsia (those with hypertension and proteinuria) or preeclampsia superimposed on chronic hypertension (those who developed 'preeclampsia' despite in addition to being known to have hypertension before 20 weeks gestation (n ¼ 3)). 15 For the purposes of this longterm analysis, the term 'preeclampsia' used in the 1980s included some women who would now be categorized as merely having gestational hypertension. These women are analyzed together, and therefore, we refer to these disorders together as HDP.
Blood pressure
Both SBP mm Hg and DBP mm Hg were assessed at age 21 years with the participant rested and their arm supported at chest level. Two readings were taken 5 min apart, using the OMRON HEM-703C (Omron Corporation, Tokyo, Japan) automatic oscillometric digital BP monitor and with the appropriate cuff size for arm circumference. The mean of the two measurements for SBP and DBP were used in all analyses.
Confounders and mediating factors
The potential confounding and mediating factors were selected on the basis of a priori knowledge 18 of their association with exposure and outcome. The confounders that we considered important to address the long-term association between HDP and offspring 21-year BP were maternal age at first clinic visit (in years), maternal educational attainment (did not complete secondary school, completed secondary school, completed further/higher education), parental ethnic origins (White, Asian or Aboriginal/Islander), maternal-pregnancy BMI, their tobacco consumption and parity. These data were obtained from questionnaires at the first clinic visit and obstetric records. Maternal pre-pregnancy BMI was calculated based on the maternal measured height at pregnancy and self-reported pre-pregnancy weight, which was recorded at the study initiation from maternal questionnaires. Maternal tobacco consumption during the last trimester of pregnancy (non-smoker, 1-20 cigarettes per day and 20 or more cigarettes per day) was recorded at 3-5 days postdelivery.
In order to try and understand the possible mechanisms of any associations between HDP and offspring BP, we examined the effect of the following potential mediators: percentile birth weight for gestation, placenta weight (measured in grams but transferred into kg for the statistical analysis) and offspring 21-year BMI. Birth weight and placenta weight were obtained from the obstetric records. Offspring BMI at 21 years were calculated based on the measured height and weight using standard protocol.
Statistical analyses
The association of HDP by different characteristics of mother and offspring are presented in Table 2 . We (Table 2) .
Statistical evidence for a difference in effect between males and females was assessed by computing a likelihood ratio test of the interaction with gender. There was no evidence of gender differences in the associations of HDP with offspring SBP and DBP (P-value for interactions of HDP with gender for SBP ¼ 0.40 and for interaction of HDP with gender for DBP ¼ 0.19). We have presented all results with males and females combined.
A series of multiple linear regression models were used to determine the association of HDP with BP at age 21. In the first model (model 1), unadjusted mean difference of BP by HDP was estimated. In the second model (model 2), the association was adjusted for confounding factors gender, offspring age, maternal age at first clinic visit, maternal education, race, parity and smoking during pregnancy. In the third model (model 3), we have added maternal pre-pregnancy BMI, percentile birth weight for gestation and placenta weight of offspring. The final model (model 4) was additionally adjusted for offspring BMI at 21 years.
All analyses were undertaken using Stata version 11.0 (Stata Inc., College Station, TX, USA).
Results
Of 2608 women, 239 (9. 16%) had HDP. Table 2 shows the bivariate association of HDP with maternal and offspring characteristics. Those mothers who were non-smokers, delivering their first child or who had higher pre-pregnancy BMI, had a greater prevalence of HDP. Maternal education, racial origin, percentile birth weight for gestation, placenta weight and child gender were not associated with HDP. Maternal HDP was associated with offspring BMI and SBPs and DBPs at 21 years (Table 2) .
To examine whether HDP is associated with SBP of offspring at 21 year, a series of multivariable regression results are presented in Figure 1 . Figure 1 shows the mean difference in SBP at age 21 years by maternal HDP adjusting for potential confounding and mediating factors. The results are presented for the 2239 young adults with complete data on all variables in any of the multivariable models. In the unadjusted model, offspring of those mothers who (Figure 2 ). Adjustment for potential confounding and mediating factors including maternal education, age, ethnicity, parity, prepregnancy BMI, smoking during pregnancy, child gender and age, percentile birth weight for gestation, placenta weight and BMI at 21 year did not substantively change this association.
Discussion
In this prospective follow-up study of mothers and their offspring, young adults' BP was greater among offspring whose mothers experienced HDP than offspring whose mothers did not experience HDP. These associations were robust for both SBP and DBP after adjustment for a variety of potentially confounding and mediating factors, including maternal education, smoking during pregnancy, parental race, parity, percentile birth weight for gestation, placenta weight and current BMI. These findings provide some evidence that maternal HDP predict adult offspring SBP and DBP. Although there is considerable evidence linking preeclampsia with increased risk of high BP in the offspring, we are not aware of any study that has followed-up the offspring long enough until adulthood. More often studies have focused on the offspring's BP during childhood [5] [6] [7] 11 or adolescence. [8] [9] [10] Certain studies have found an association of preeclampsia either only with SBP 8 or only with DBP 7 but not both. In contrast, we found higher values of both SBP and DBP in offspring of preeclamptic pregnancies. Also, certain studies found that the higher BP in the preeclampsia group could be attributed to maternal factors such as BMI and BP 8 or could be mediated by offspring weight gain. 10 However, our findings did not alter after adjustment for potential confounding or mediating factors. Further, few studies have observed gender differences suggesting a greater influence of preeclampsia on male BP values as compared with the female. 5, 7 In contrast, Langford and Watson 11 found higher BP only in the daughters of preeclamptic mothers. 11 We did not find any gender association with HDP.
Less attention has been given to the mechanism of the relation between intrauterine exposure to preeclampsia and offspring BP. In previous studies, plasma catecholamine concentrations have been found to be increased in pregnant women with preeclampsia. [19] [20] [21] It was also noted that children exposed to preeclampsia have slightly higher circulating epinephrine levels than children born to normal mothers. 5 Recently, it has been found that young offspring of mothers with preeclampsia display marked vascular dysfunction in the systemic circulations and that this endothelial defect in the systemic circulation may contribute to the increased risk of arterial hypertension in the offspring. 22 There could therefore be structural effect of HDP on neonatal blood vessels. 23 Another recent study with similar findings suggests that endothelial dysfunction in the offspring is either persistent after the preeclampsia in pregnancy or there is a heritable predisposition to endothelial dysfunction in both mother and child. 24 The elevated BP in the off- 25 The strength of this study is a large longitudinal cohort of mother-offspring pairs, who have been followed-up for 21 years since the index pregnancy. Ours is the only study to date where a large number of confounding and mediating factors have been collected during different follow-ups of the study. The loss to follow-up in our cohort was considerable. We have consistently found that those lost to follow-up more likely to be teenagers at their delivery, to be less educated, single or cohabitating, have three or more children, use tobacco and alcohol during pregnancy and to be anxious and depressed at their first antenatal visit. 13, 26 However, our results would only be biased if the associations assessed were either non-existent or were in the opposite direction in non-participants. Although we cannot exclude this possibility, this would be unlikely. Important limitations of this study are our inability to examine whether different classes of HDP (in particular more severe forms of preeclampsia) are better predictors of offspring BP than less severe forms or a combination of HDP. A further weakness of this study is that our definition of HDP. We have excluded women with pre-existing hypertension and gestational hypertension.
Future studies may be necessary in order to obtain a comprehensive understanding of the preeclampsia-offspring's BP relationship and further aspects that may confound the relationship. Also, further studies to understand the underlying pathophysiological mechanisms fully are essential. Through a better understanding of the underlying causes, novel primary prevention strategies may be targeted at early reversal of factors such as offspring endothelial dysfunction after pregnancies complicated by hypertension.
